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CHAPTER 1 

INTRODUCTION 

Industry can no longer operate by polluting the 

surrounding environment. The industry must comply with 

federal and state laws enacted in the past two decades. These 

laws have become more stringent and pose stricter limitations 

on the amounts of heavy metals, organics, pesticides that can 

be discharged. Several industries have had to cease 

operations due to their inability to comply with current laws. 

The regulatory agencies, in order to safeguard the interests 

of the public, have to reassess the permissible levels of 

pollutants in discharges from manufacturing operations 

constantly. Consequently, there is an ongoing need to develop 

alternative technologies to economically reduce pollutant 

levels in plant discharges. 

Water, a vital source for survival, has to be purified 

both before it is consumed, or before it is discharged. The 

Environmental Protection Agency (EPA) estimates that in the 

last 20 years, u.s. industry has spent $590 billion (in 1990 

Yet, the u.s. has failed dollars) on water pollution control. 

to reach the goal of the 1972 

pollutants into u.s. waters [3]. 

law: zero discharge of 

To attain this goal, there 

is an urgent need to develop cost effective alternative 

technologies which can be implemented on a commercial scale. 
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The most commonly found water pollutants are inorganic 

and organic compounds. Of the inorganic pollutants, heavy 

metals are persistent, highly toxic and cannot be degraded 

into any other form. They can only be concentrated and 

removed from the water system. The EPA lists the following 

metals of greatest concern: arsenic, cadmium, chromium, lead 

and mercury. When present in water, heavy metals destroy the 

ecological balance and degrade water quality. 

Sposito [4], Andreae [5] and Williams [6] have concluded 

from their studies that heavy metals are highly toxic for any 

kind of life form. Thus, these heavy metals should be 

removed(and recovered if feasible) from water prior to 

discharge. This study targets the removal of heavy metals 

. such as cadmium, chromium, lead, mercury and arsenic. The 

work reported in this thesis has the potential of producing an 

economical technique for treatment of industrial wastewater 

containing heavy metals. Various methods of metal separation 

from wastewater streams currently practiced in industry are 

listed in Table 1.1. 

The processes ranked in Table 1.1, category A, offer a 

adequate separation at the lowest cost/unit volume processed. 

The economics of the process have dictated the frequency of 

application. The disadvantages of these processes are that 

they are not selective, operate over narrow pH ranges, and not 

effective at low concentrations. They also generate a residue 

requiring disposal. 
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Table 1.1: Principal technologies for METAL SEPARATION [1] 

A. CONVENTIONAL TREATMENT TECHNOLOGIES CRanked) 

Precipitation(including primary coprecipitation) 

Oxidation/Precipitation 

Reduction/Precipitation 

Concentration/Precipitation 
Secondary Coprecipitation 

B. RECOGNIZED RECOVERY TECHNOLOGIES (Unranked) 

Evaporative Recovery 
Ion Exchange 

Membrane Separation 

Reductive Electrolysis 

C. EMERGING RECOVERY TECHNOLOGIES CUnrankedl 

Differential Precipitation 

Extractive Metallurgy 
Selective Adsorption 

Ranked : By frequency of application. 

Unranked : Data not available to rank. 

The following paragraphs discuss briefly the technologies 

listed in Table 1.1, category A. 

Precipitation. Under certain conditions, soluble metal 

ions in water can be converted to insoluble salts. 

Precipitation is the most commonly applied technology to treat 

millions of gallons of industrial wastewater per day. Sludges 

produced by this technique are currently disposed in 

landfills. 

All of the conventional treatment technologies included 

in Table 1.1 category A, involve precipitation. Direct 

3 



precipitation is used without any pretreatment, although the 

solution pH needs to be adjusted. In complex wastewater 

streams(i.e., wastewater polluted with more than one metal 

ion: a mixture of anions and cations, more than one anion 

etc. ) , several salts may precipitate simultaneously. The 

accumulation of soluble species along with precipitated solids 

may result in additional removal of metal ions, which is 

termed as coprecipitation. As the primary precipitates 

control the behavior of coprecipitation, the process might be 

best labelled as "Primary Coprecipitation." 

Secondary precipitation involves the addition of a 

sparingly soluble salt such as ferric chloride or alum. The 

additive induces precipitation of other solubilized species 

that are in solution. Secondary precipitation is most 

commonly used to treat wastewaters containing arsenic. 

The other methods listed in Table 1.1 category A, mainly 

enhance the efficiency of conventional precipitation. For 

example, oxidation/precipitation is exemplified by the 

oxidation of ferrous ion to ferric ion in spent pickle liquors 

and rinse waters followed by precipitation. Reduction of 

hexavalent chromium to trivalent chromium accompanied by 

precipitation of chromium hydroxide is an example of 

Reduction/Precipitation. For additional information on 

precipitation, the reader is referred to references [18-25]. 

Some of the technologies listed in Table 1.1 categories 

B and c, are discussed in the following paragraphs. 

4 



Evaporative Recovery. By evaporating the water, the 

metals in solution are concentrated in the waste stream. The 

primary disadvantage of this technique is cost. Capital costs 

as well as operating costs are high. Because of high energy 

requirements, multiple-effect evaporators which are energy 

efficient are used. However, they also represent a 

significant increase in capital cost compared to the single

effect models. 

The main advantage of evaporative recovery is that the 

concentrated solution can be returned to the manufacturing 

process, if needed. However, the concentrate might contain 

secondary non-volatiles such as iron and chromium(III) which 

can cause product quality problems. In the example of chromic 

acid rinse water, the build up of iron and chromium (III) 

deteriorates the finished product. Thus, chromic acid 

rinsewater has to be passed through a cation exchange resin 

prior to evaporative recovery of the chromate solution [2]. 

Ion Exchange. This is a well-established technology that 

is extensively used for water softening. Recovery is limited 

by the non-selective nature of most commercially available 

resins. In many instances, the wastewater stream can result 

in fouling of the resin with associated loss of ion exchange 

capacity. An example is the recovery of chromate from 

electroplating operations. Different approaches (such as 

using chelating resins, natural zeolites, ceramic membranes) 

used by earlier researchers are cited in references [9-17]. 
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Membrane Separation. This technology is • • ga1.n1.ng 

importance in the treatment of hazardous wastes in wastewater. 

Several processes such as reverse osmosis (RO), 

ultrafiltration (UF), and microfiltration (MF) can be 

effectively used to separate salts and heavy metals from 

wastewater. RO is primarily used to produce ultrapure water 

for the semiconductor industry, boiler feed water for steam 

generation and supply drinking water. UF is currently used by 

several metal-finishing and textile industries for treating 

wastewater. Because of lower energy requirements, this 

technology is advantageous over distillation and other energy

intensive separation technologies. 

Reductive Electrolysis. This method has become well

established for certain specific applications of metals 

recovery. For example, reductive electrolysis is almost 

exclusively used for recovery of copper from spent printed 

circuit board baths. It is also used occasionally for the 

recovery of cadmium. These applications are also limited to 

concentrated solutions due to economics and process 

inefficiencies. 

Differential Precipitation. This process involves multi-

step titration of a complex wastewater. The basis of this 

process is to form and precipitate out specific metal salts 

at selected titration points. In one example, • copper 1.s 

stripped out of the wastewater prior to the recovery of 
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precious metals[7]. Differential precipitation of copper is 

performed at a pH of 5, by the addition of sodium hydroxide. 

Extractive Metallurgy. Metals can be recovered from waste 

water treatment sludges using extractive metallurgy. This 

involves dissolution of the metal from the solid matrix, 

followed by a recovery stage which may involve precipitation, 

crystallization, or reductive electrolysis. The concentration 

of the wastewater stream is often necessary to achieve 

efficient metals recovery. 

Selective Adsorption. This technique utilizes biological 

materials (i.e., chitin), mineral oxides, or polymeric resins 

to selectively adsorb specific metals from complex wastewater 

streams. This step is followed by elution of · metals or 

recovery from a metal-rich concentrate. 

The technique presented in this thesis can be potentially 

used for all the metallic species (cations and anions) • 1n 

water, over a wide range of pH. Preliminary bench scale 

experiments reveal that this technique is effective at high 

and low concentrations. 

References [26-35] provide additional information on 

topics of metal removal from wastewater streams. They include 

standard handbooks [35] as well as journal articles which 

might be of interest to the reader. 
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CHAPTER 2 

LITERATURE REVIEW OF ENHANCED 

ULTRAFILTRATION APPROACHES 

Ultrafiltration (UF) is a membrane separation process, 

wherein dissolved and/or suspended species are separated by 

differences in their molecular size. UF is effective if the 

molecular size falls in the range of approximately 10 A to 

1000 A. Pressure gradient across the membrane is the driving 

force for separation. Typical pressure gradients range from 

0.5 to 5.0 atm. Successful commercial scale applications of 

UF has been used for: 

(1) concentrating milk, 

(2) oil-water separations, 

(3) concentration of fruit-juice, and 

(4) treatment of effluent streams from various 

manufacturing operations such as metal finishing 

and textiles. 

The separation characteristics of UF membranes can be 

further enhanced by the addition of polyelectrolytes or 

surfactants [36-46]. If a surfactant is used, it is termed 

as micellar enhanced ultrafiltration (MEUF). If a 

polyelectrolyte is used, it is termed as polyelectrolyte 

enhanced ultrafiltration (PEUF). 
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2.1 Basis of MEUF 

In MEUF, the surfactant is added to the polluted water 

stream. Individual surfactant molecules aggregate to form 

micelles. Micelles are clusters of 20 to 200 surfactant 

molecules which have a molecular size of about 50 A. The 

dissolved heavy metal ions complex with the micelles. When 

this polluted water stream is contacted with an UF membrane, 

the membrane acts as a physical barrier and blocks the 

transport of the micellar metal complex through the membrane. 

The solution (i.e., permeate or effluent) that passes through 

the membrane has very low concentrations of the surfactant and 

metal ions. The permeate stream can be treated further in a 

second stage or discharged into the environment. However, the 

retentate (i.e., non-permeate) solution will have high 

concentrations of the surfactant micelles and metal ions. 

In the following paragraphs, a brief review of the 

published literature is presented [36-41]. Literature sources 

indicate that MEUF is.effective for the separation of organics 

as well as heavy metal ions present in industrial wastewater 

effluents. 

2.1.1 Enhanced UF Approaches Using surfactants 

Leung first proposed that surfactant micelles can be used 

to enhance the ultrafiltration of organic compounds from water 

[36]. Ligand-modified MEUF is a separation technique which 

can selectively remove specific ions from an aqueous solution 
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containing several ions of similar charges. Klepac et al. 

[37] examined divalent copper as the target ion in a solution 

also containing divalent calcium. A cationic surfactant, N

hexadecylpyridinium chloride was used with N-N-dodecyl

imminodiacetic acid as the copper-specific ligand. Rejections 

of copper, of up to 99. 2 percent, were observed with no 

rejection of calcium. Cellulose acetate membranes with a MWCO 

of 5,000 were used in this study. 

Scamehorn et al. (38] added an anionic surfactant, sodium 

dodecyl sulfate to wastewater. Multivalent cationic heavy 

metals adsorb on the resulting highly negatively charged 

micelles. Divalent copper was used as the heavy metal cation. 

In dilute concentrations, rejection of 99.8 percent was 

reported. Membranes with pore sizes of molecular weight cut

offs of 20, ooo or below were reported to have excellent 

rejections. The authors stated that this technique could be 

used for other heavy metal ions, such as lead, chromium, 

cadmium and mercury. 

The same technique had been used by Scamehorn et al. [39-

41] to remove n-alcohols, cresols and t-butyl phenol from 

wastewater. The n-alcohols considered were n-hexanol, n

heptanol, and n-octanol [39). Rejection varied from 71 

percent to 98 percent. Cellulose acetate membranes with a 

MWCO of 10,000 were used. In this study of cresols [40], all 

the three types (ortho, meta and para cresols) were 

considered. The authors developed a correlation between the 
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permeate concentration and the unsolubilized solute 

concentration. They further stated that the permeate from 

MEUF contained the organic solute at concentrations equal to 

the unsolubilized solute concentration in the rejected (i.e., 

retentate) solution. Rejection of 97 percent was reported for 

all cresols. Cellulose membranes having a nominal MWCO of 

6,000 were used in this experiment. 

In this work, Scamehorn et al. complexed 4-tert-butyl 

phenol [41] with the surfactant hexadecylpyridinium chloride. 

The article stated that as long as high surfactant 

concentrations were avoided, MEUF was an extremely effective 

separation technique. Solute rejection of 99.7 percent and a 

permeate/feed ratio of 87 percent were reported. Cellulose 

acetate membranes with a MWCO of 1000 were used. 

2.2 Basis of PEUF 

A polyelectrolyte is added to the wastewater stream. The 

metal ions complex with the PE molecules. Polyelectrolytes 

(PE) are water soluble polymers carrying ionic charges. The 

molecular weights of PE's are high and range from less than 

a 1000 to 10 million. Due to their high molecular weights, 

the molecular sizes of PE's are high (i.e., in the order of 

100 A) . When this solution is ultrafiltered, the size of the 

PE complexes are larger than the pore size of the membrane. 

Thus, an effective separation is achieved. The permeate 

solution contains only low concentrations of the metal ions, 
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Whereas, the retentate has a high concentration of the PE and 

the metal ion. 

Polyelectrolytes have been used exclusively for the 

removal of metallic species from water. A brief review of 

journal articles [42-46] is provided in the following 

paragraphs. 

2.2.1 Enhanced UF Approaches using 
Polyelectrolytes 

Hguyen et al. [42] reported on the use of certain water 

soluble polymers like Poly(«-hydroxyacrylic acid) and 

polyacrylamide bound iminodiacetic acid which were used to 

complex cations like copper and iron. Greater than so percent 

rejection were reported. The author stated that .Fe(III) 

formed more stable complexes than CU(II) with a polymer 

containing both hydroxy and carboxylic groups. 

Schumann [ 43,44] used polyacrylic acid, polysulfonic 

acid, and polypropionic maleic acid anhydride as the 

polyelectrolytes. The target ions were copper, zinc, nickel 

and cobalt. The author discovered a remarkable pH-dependence 

of the ion-exchange reaction were observed. He stated that 

"In the long run, the process proposed is expected to provide 

an additional alternative of low-cost and low-energy metal 

extraction, especially in the range of moderate ion 

concentrations" [44]. 

Polyelectrolytes were also used by Scamehorn et al. (45]. 

The target ion was copper. Polystyrene sulfonate was the 
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polyelectrolyte used and a cellulose acetate membrane having 

MWCO of 1,000, 5,000 and 10,000 were used. The lowest 

rejection reported was 96 percent. The authors suggested that 

the technique could be used for other metal ions also. In 

another study [ 46] , sodium polycarboxylate was the 

polyelectrolyte used and chromate anion was the target ion. 

Rejection of 78 percent was reported. 

2.3 Advantages of Polyelectrolytes over 
Surfactants 

Surfactants were used in earlier stages of this research 

effort. surfactants (especially cationics) have been reported 

to be toxic [47] and used in the manufacture of germicides and 

fungicides. On the contrary, PE's are non-toxic. 

With surfactants, the micelles and individual surfactant 

molecules are in equilibrium and the permeate stream contains 

equilibrium concentration of the individual surfactant 

molecules. Thus, the toxicity of the discharged stream will 

not be reduced to any extent, whereas with PE's, there was no 

leakage of PE molecules into the permeate stream. Therefore, 

PE • s were preferred and utilized for a later part of the 

experiments. 

In both cases, at high recovery of the water, the 

retentate stream has a much lower volume than the original 

process stream. Thus, further treatment of the retentate 

stream would be potentially less expensive and, hence, also 

require less energy for further processing. 

13 



2.4 Properties of Polyelectrolytes 

Polyelectrolytes(PE) are water-soluble macromolecules 

having many ionic charges along their polymer chain. If the 

charge on the polymer is negative, the polymer is said to be 

"anionic PE": if the charge is positive, it is a "cationic 

PE." In solution they dissociate into polyvalent macroions 

(also known as polyions) and a large number of small ions of 

opposite charge (commonly known as counter ions). The high 

charge of the macroion produces a strong electric field, which 

attracts counter ions. This strong interaction between the 

polyvalent macroion and counter ions is a characteristic 

property of polyelectrolytes. 

Most of the macroions are long flexible chains which have 

large extensions in solution. Their size and shape depend on 

interaction and charge of the counter ions [48]. With an 

increasing number of charges in solution, the flexible chain 

transforms its shape from a spherical random coil to a fully 

extended molecule in solution. Also, the spherical random 

coil can have a wide range for its apparent diameter. The 

effect of interactions among ionized groups, counter ions, and 

solvent molecules is amplified by the high charge density of 

the macroion. A small difference in the interaction may have 

a great influence on the properties of polyelectrolytes. 

Therefore, polyelectrolytes are most sensitive to 

structure and environment. The negative or positive charges 

are distributed through the length of the chain at a distance 
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of 'b' A. This parameter 'b' varies according to the pH of 

the solution, the surrounding charges of the system and so 

forth. Literature (48] suggests that 'b' can vary from 1.2 A 
to 2.8 A. 

The counter ions either carry a positive or negative 

charge. When a PE of the opposite charge is added, the 

counterions in solution bind to the flexible polyelectrolyte 

chain by means of electrostatic attraction. Figure 2.1 shows 

the distribution of counter ions along the polymer chain. 

Counter ions in a solution containing polyelectrolyte are 

classified into the following three categories (48]: 

(1) counter ions moving freely outside the region 

occupied by macroions, 

(2) those bound but mobile in the macroion region, and 

(3) those bound to individual charged groups of the 

macroions. 

The most direct way to investigate electrostatic 

interaction between a~polyion and the counter ion in solution 

is through a study of the activity coefficient of the counter 

ion [52]. To substantiate the above fact, Figure 2.2, shows 

that the influence of the polyion is predominant on the 

counter ion only. This is because of a high electrical field 

around the macroion, which exerts a powerful immobilizing 

influence upon the counter ions within its environment. In 

contrast, the ions with the same charge as the macroion would 

be strongly excluded from the domain. 
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Fig 2.1. 

\ 
\ 

\ 
\ 

\ 
\ 

\ 
\ 

\ 
\ 

\ 
\ 

Schematic Drawing of Polyelectrolyte 
Chain in the Presence of 1:1 Simple 
Electrolyte. Symbols 1 fixed charge 
on polyanion; WI dehydrated counterion 
Site bOUnd tO polyanion; e 1 hydrated 
counterion; 1 coion. Rc denotes the 
local radius of the curvature of the 
chain [56]. 
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Figure 2.2. Mean and Individual Ion Activity 
Coefficients for Sodium Chloride 
in the Presence of the Sodium Salt 
of Partially Sulfated Poly(vinyl 
alcohol). Key: curve A, activity of 
c1· ion; curve B, activity of NaCl; 
curve C, activity of Na• ion [52). 
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Previous studies (50-52] indicate that the osmotic 

pressure of a partially neutralized polyelectrolyte is much 

lower than that of a nonpolymeric electrolyte. This suggests 

that the counter ions which are attached to the PE 1 s are not 

osmotically active and lowering the osmotic pressure of the 

system. The osmotic coefficient is essentially independent of 

concentration for many divalent polystyrenesulfonates in the 

low concentration region (0.04-0.5 molar). However, at higher 

concentrations the osmotic coefficients increase rapidly with 

concentration [53]. The counter ion exchange reaction with 

sodiumpolystyrenesulfonate (NaPSS) can, in general, be shown 

as: 

T + NaPSS ---> XPSS + Na+ • (1) 

It is of interest to note that PSS is the analog of commercial 

cross-linked ion-exchange resins. Studies [ 48, 51] have 

confirmed that the electrostatic model is appropriate for the 

interpretation of the osmotic coefficients for divalent PSS at 

low concentrations. 

The enthalpy changes accompanying the mixing of a dilute 

aqueous polyelectrolyte with a simple salt solutlon to give a 

counter ion exchange reaction of the form shown above have 

been measured with a isothermal microcalorimeter [54]. The 

more AH is negative, the tighter the binding of the counter 

ion to the polyion. It also concluded that selective binding 

of the smaller ion in solution occurred [51]. A distance of 

closest approach is assigned to each of the counter ions in 
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solution. The polyion binds the less hydrated and smaller 

counter ion [55]. As a result, smaller the ionic radius, 

higher the charge density. The lowering of electrostatic 

energy of the system appears to be a predominant factor in the 

competitive counter ion binding reactions. 

When PE • s of opposite charges (i.e. , a cationic and 

anionic PE) are mixed together in water, they form three 

dimensional structures and thus precipitate [57]. This 

phenomenon can even be observed at low concentrations of PE in 

water. 

2.4.1 Phenomenon of Selectivity 

This phenomenon is observed in a dilute polyelectrolyte 

solution that contains a mixture of counter ion species. 

Species of higher valence predominate in the population of the 

bound counterions even in the face of larger stoichiometric 

concentrations of species of lower valence. Among different 

counterion species of the same valence, the ratio of their 

bound concentrations is not equal to the ratio of their 

valence selectivity. Long-range ionic forces are the dominant 

mechanisms for valence selectivity, while short-range forces 

account for species selectivity if the valences are the same. 

Thus, the binding state of counterions depends on their size 

and valence. The graphs obtained from the mixed • 1on 

experiments clearly illustrate this phenomenon. Figure 2.3 

illustrates this phenomenon of selectivity. 
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Figure 2.3. Illustration of a Cylindrical 
Macroion and the State of Binding 
of Various Counterions (48]. 
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2.4.2 Uses of Polyelectrolytes 

Some of the important applications of PE's in the 

industry are: Water conditioning and purification, oil 

recovery, paper-making and mineral processing [49]. 
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CHAPTER 3 

EXPERIMENTAL SETUP AND PROCEDURE 

3.1 Application of PEUF Technique for 
Removal of Heayy Metals 

Heavy metal ions in solution are in the form of cations 

and anions. The target heavy metals considered were: arsenic, 

chromium(VI), chromium(III), lead, mercury and cadmium. If 

the wastewater is ultrafiltered (without the additive), the 

sizes of the ions are small enough to pass through the 

membrane. The pore sizes* of the membranes are tabulated in 

Table 3.1. 

In order to effect a separation, PE' s are added to 

wastewater. A PE having a charge opposite to that of the 

target ion was added to the wastewater. The PE' s tend to bind 

to the dissolved anions or cations to form a complex. Figure 

2.1 illustrates this phenomenon of forming a complex. This 

complex can be ultrafiltered because of its large molecular 

size (in the order of 100 A). However, the addition of a 

simple electrolyte such as sodium chloride can cause a 

dramatic contraction of the polymer chain. Evidence for this 

behavior is observed through the rapid fall of solution 

viscosity [48]. 
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Table 3.1: Pore Size of Various Membranes. 

Shape of the CA 1000 CA 10000 PS 1000 PS 10000 
molecule MWCO MWCO MWCO MWCO 

Globular -2.5 A -15 A NA NA 

Linear -8 A - 25 A NA - 25 A 

*nata obtained from Millipore Corporation 

Table 3.2: Ionic and Covalent Radii of Various Ions. 

Element Hydrated ion radius * Covalent radius ** 
cA) cA) 

Na• 4.55 1.539 

Pb2+ 4.27 1.5 

Cd2+ 4.79 1.47 

cr2• 5.74 1.45 

c~· 8.14 1.45 

H+ 9 0.3745 

[ cro~..] z- 4 ------
[H~so~.]- 4 ------

Cl- 3 1.05 

* Data obtained from Lange's Handbook of Chemistry. 
** Data obtained from Encyclopedia of Chemistry, Van Nostrand. 

3.2 Chemicals and Polyelectrolytes 

water produced with an RO unit was used for all the 

solutions prepared for the experiments. The different salts 

utilized as the source for the metal ions in stock solutions 

were used as received. They are as follows: 

(1) sodium arsenate(Na2HAs04 .7H20) as the source for the 

arsenate anion in the form [As04 ] 3-, 
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(2) sodium chromate(Na2Cr04 ) as the source for chromate 

anion in the form [Cr04 ] 2- 1 

(3) lead acetate(Pb(CH3C00) 2 .3H2o as the source for lead 

cation in the form Pb2+ 1 

(4) chromium(!!) chloride(CrC12)as the source for the 

chromium cation of the form cr2•. cr2• is unstable 

when exposed to the atmosphere and is oxidized to 

crl• I 

( 5) mercuric chloride (HgC12) as the source for the · 

mercury cation in the form Hg2• 1 and 

(6) cadmium sulfate(3CdS04 .8H20) as the source for the 

cadmium cation in the form Cd2+. 

The different anionic and cationic polyelectrolytes (PE) 

used in this study are listed. 

received. 

3.2.1. Anionic PE 

They were also used as 

(1) Sodium Polystyrenesulfonate(PSS) with an average 

molecular weight of 7 o 1 ooo was obtained from Aldrich 

Chemical Company. The degree of sulfonation is o. 77. 

3.2.2. Cationic PE 

(1) Polydiallyldimethylammoniumchloride (PDADMACl) with 

an average molecular weight of 2401000 was obtained 

from Polysciences Ltd. 

(2) Polyethyleneimine(PEI) with an average molecular 
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weight of 50, 000 to 60, 000 was obtained from Aldrich 

Chemical Company. 

3.2.3 Membranes 

Various different polymers are used in the manufacture of 

membranes. Of these, the two materials widely used for 

membrane applications are Polysulfone (PS) and Cellulose 

Acetate (CA). These two polymeric materials exhibit totally 

different physical characteristics. PS is mechanically strong 

and has a high T
9 

(glass transition temperature) compared to 

that of CA. Thus, it can be used at higher temperatures. PS 

is highly resistant to microbial growth whereas CA is not. PS 

membranes, in general, can be used over the entire pH range 

whereas CA membranes can be used between the pH of 4 to 7. 

However, new types of CA membranes have been developed which 

can be used throughout the whole pH range. 

UF membranes have an asymmetric structure. They have a 

thin (0.1 to 1.0 ~m) selective layer, supported by a porous, 

spongy layer about 100 ~m in thickness. The retention 

capability is characterized by molecular-weight-cut-off 

(MWCO). This is the molecular weight of the solute that is 

large enough to pass through the membrane pores. Two types of 

UF membranes that were commercially available were purchased 

from Millipore Corporation. They were: 

( 1) cellulose acetate with MWCOs of 1000, 5, 000 & 

10,000. The 1,000 MWCO can be used between pH 4-7 
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whereas the other two can be used for pH ranges 

between 1 and 14. 

(2) polysulfone with a MWCO of10,000 MWCO. This is used 

for the range between pH 1 to 14. 

3.3 Experimental System 

A bench scale ultrafiltration (UF) unit was purchased 

from Millipore corporation (the Minitan-s™ system) and used 

in the experiments. The unit consists of a flat sheet membrane 

having an effective surface area of 3 0 cm2 • Feed was 

introduced to the unit by means of a lab pump obtained from 

FMI Incorporated. A 100 mL volume of the feed solution was 

used for any given experiment. About 15 ml of the permeate 

was collected for analysis. The initial 10 to 15 mL of the 

collected permeate was discarded. An atomic absorption 

spectrophotometer (AAS) capable of analyzing in the parts per 

billion (ppb) concentration range for the targeted metal ions 

was used for analysis·. These analysis were performed by the 

Environmental Science Laboratory at Texas Tech University. 

Fig 3.1 is a schematic of the experimental system. 

3.4 Preparation of Feed 

Appropriate amounts of metal salt were added to the RO 

water to prepare a certain weight concentration of the metal 

ion in water. Different amounts of PE were then added to the 
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Addition of Anionic 
Pol.yelectrolyte + 

Feed containing 
Heavy metals 

Figure 3.1. 

Q 
Pump 

+ Membrane 
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+ 

Permeate 

Process Schematic of the Experimental 
System. 
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prepared stock solution. A 100 mL volume of feed solution was 

used for each experiment. 

3.5 Experimental conditions 

The experimental conditions used in the experiments are 

listed as follows: 

(1) A 30 psi pressure difference was maintained across 

the membrane. 

(2) All the experiments were performed at ambient 

temperatures (about 25°C). 

(3) The concentration of the PE/Metal ion weight ratio 

was specified for each experiment. 

(4) The membrane used was either one of the CA or PS 

with the MWCO being recorded. 

(5) The pH of the feed solution was not altered for most 

of the experiments. However, pH was recorded 

wherever it was altered. 

3.6 Experimental Approach 

The main objective of these experiments was to identify 

the important variables affecting the overall separation of 

metal ions from water. To accomplish this, the experiments 

were conducted in a stepwise manner as follows: 

Phase I: Rejection of a single metal ion for various 

PE/Metal ion weight ratios. 

28 



Phase II: Calculate contributions of variables using a 

statistical technique. 

Phase III: Rejection of a specific metal ion when other 

metal ions are in feed solution. 

Phase IV: Determination of pH dependence on metal ion 

rejections. 

The following paragraphs give a detailed description of 

the activities performed in each step. 

3.6.1 Description of Phase I 

A single metal ion in solution was complexed with a PE. 

Anions were complexed with cationic PE's and vice versa. In 

specific, chromate and arsenate anions were complexed with 

cationic PDADMACl and Lead,cadmium and chromium cations were 

complexed with anionic PSS. In the case of mercury cation, it 

was complexed with cationic PEI. The results of these 

experiments were expressed in terms of water flux and 

rejection of metal ioRs. The data obtained was tabulated and 

also shown graphically (Chapter 4). A charge balance of the 

whole system was carried out and PE/Metal ion weight ratios 

were predicted by which theoretically 100 percent rejection of 

the heavy metal ion should be achieved.' 

3.6.2 Description of Phase II 

The Taguchi design of experiments (see Appendix A) was 

used to calculate the percentage contribution of the variables 
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used in the experiments. For this purpose a L4 array was used 

(see Table 3. 3). All the variables were evaluated at two 

levels (see Table 3.4). The variables considered were: 

(1) MWCO of the membrane; 

(2) concentration of metal ion; and 

(3) concentration of. polyelectrolyte. 

Four experiments were carried out for each metal ion in order 

to obtain a data set. Some of the experiments were duplicated 

to see if consistent results were achieved. The results of 

this analysis in terms of permeate concentration are tabulated 

(see Chapter 4) and the percentage contribution of each 

variable was calculated. 

Table 3.3: L4 Array Used in Phase II 

- -

Columns MWCO Metal Ion PE Cone 
Expt # cone 

1 1000 MWCO(CA) Low Low 

2 1000 MWCO(CA) High High 

3 10000 MWCO(PS) Low High 

4 10000 MWCO(PS) High Low 

-

Table 3.4: Two Levels of Variables Used in Phase II 
-

Variables Molecular Metal ion Cone of PE 
weight cut off 

. . cone 1n ppm 1n ppm 
Levels (MWCO) 

1(low) 1000(CA) < 10 50 

2(high) 10000(PS) > 25 500 to 700 
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3.6.3 Description of Phase III 

The feed solution contained multiple metal ions in 

solution. Two types of feed solutions were used in this case. 

They are explained in the following paragraphs. 

Case I: PSS was the PE when cadmium, lead and 

chromium(III) ions were in the feed solution. The sodium ions 

fully dissociate as NaPSS is the salt of a strong acid. Thus, 

in the feed solution, there are four counter ions: Na•, Cd2+, 

Pb2+ and cr-3• • 

Case II: PDADMACl and PEI were the PE's used in the feed 

solution when chromium(VI), arsenic and mercury ions were 

present. Two PE ' s were used in this case as mercury complexes 

with PEI and Arsenic and Cr(VI) ions complex with PDADMACl. 

The chloride ions and hydrogen ions present with the 

polyelectrolyte chain were also fully dissociated. Therefore, 

in this feed solution there were at least five counterions in 

solution: H+, c1·, ( Cr0
4

] z-, Hg2•, and (As04 ] 3 - as well as any 

other form of arsenic (i.e., [H2As04 ]-, (HAs04 ] 2-). The results 

of these experiments are tabulated and discussed in Chapter 4. 

3.6.4 Description of Phase IV 

pH of the feed solution was altered by the addition of 

small amounts of a strong acid (i.e., hydrochloric acid) or a 

strong base (i.e., sodium hydroxide). The Taguchi design of 

experiments were then used to calculate the percentage 

contribution of the variables including pH. For this purpose 
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a L4 array was used (see Table 3.5). All the variables were 

evaluated at two levels (see Table 3. 6). 

variables were: 

(1) MWCO of the membrane; 

(2) pH of the feed solution; and 

(3) Ratio of PE/Metal ion. 

The independent 

The results obtained from all the phases are discussed in 

Chapter 4. 

Table 3.5: L4 Array Used in Phase IV 
-

Columns MWCO pH Ratio of 
Expt # PE/Metal 

. 1.on 

1 5000 MWCO(CA) Low Low 

2 5000 MWCO(CA) High High 

3 10000 MWCO(CA) Low High 

4 10000 MWCO(CA) High Low 

Table 3.6: The Two Levels of Variables Used in Phase IV 

Variables Feed solution Ratio of 
MWCO pH PE/Metal Ion 

Levels 

1(low) 5000(CA) Between 1-2 < 10 

2(high) 10000(CA) Between 11-12 > 25 
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CHAPTER 4 

RESULTS 

The performance of this membrane process can be measured 

by means of these three parameters: flux, rejection and 

recovery. 

4.1 Flux 

Clean water flux and the water flux during the experiment are 

tabulated in Table 4.1 for the different MWCO membranes that 

were used. 

Table 4.1. Clean Water Flux and Flux During Experiment. 
ft ~ -

I Type of membrane Clean water flux Flux during 
& 

. experiment in l.n 
MWCO (galjday. ft2 ) (gal. day. ft2 ) 

CA 1000 16.9 to 18 14.7 to 16.9 

CA 5000 24.7 to 27.3 24 to 27.0 

CA 10,000 62.2 to 67.8 56.5 to 65.5 

PS 10,000 192.2 to 197.9 40 to 67.8 

4.1.1 Polysulfone Membrane 

The water flux was observed to decrease dramatically 

during the experiment. This is partially due to membrane 

hydrophobicity (the angle of contact of water molecules with 

the membrane) and the phenomenon of compaction. Regeneration 

of this PS membrane was also found to be difficult. Cleaning 

solutions recommended by the manufacturer (0.1 M sodium 
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hydroxide) as well as RO water, RO water at elevated 

temperatures, and various detergent solutions were used to 

backflush. However, none of the cleaning solutions were able 

to regenerate the membrane. 

4.1.2 Cellulose Acetate Membrane 

The water flux during an experiment was not observed to 

decline much from its value obtained for clean water. 

Regeneration using RO water at room temperature effectively 

returned the membrane flux to its original clean water flux. 

The CA membrane is much easier to rejuvenate, when compared to 

a PS membrane. 

4.2 Rejection 

Percent rejection can be calculated by this formula: 

Percent rejection= {1-(Cp/CF)}*100 

Where: 

CF= Concentration of feed in mg/liter, and 

CP= Concentration of permeate in mg/liter. 

In general, high rejections (in the order of 99 percent) 

were achieved for all the target metal ions over a range of 

concentrations (from 5 ppm to 50 ppm). It can be seen later 

that the pH had a significant effect on percent rejection as 

the weight ratio of PE/Metal ions. 
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4.3 Recovery 

Conversion or recovery represents the ratio of permeate 

flow to feed flow. Conversions were low (5 percent and 20 

percent) for the membranes that were used. Although initial 

conversions were high for the PS 10,000 MWCO membrane, the 

conversions decreased and settled below 20 percent due to 

compaction, fouling and concentration polarization. 

The results obtained from various experimental phases are 

discussed in the following paragraphs. 

4.4 Results of Phase I 

The data obtained by using both types of membranes were 

tabulated for each metal (Tables 4. 2 to 4. 7) • The data 

obtained from CA 1000 MWCO tabulated first followed by PS 

10,000 MWCO. A decrease in flux was observed, when PS 

membranes were used. A greater decrease in flux was observed 

when cationic PE's were used. Graphs (Fig. 4.1 to Fig. 4.6) 

were plotted to show percentage rejection versus the PE/metal 

ion weight concentration ratio for each metal ion. All the 

metals exhibhited the same trend. That is, by adding more PE 

to the system, higher rejections were obtained. However, 

rejection levels reached a maximum value and then remained 

constant with further additions of PE. Only mercury appeared 

to deviate from this trend. Mercury appeared to indicate a 

gradual decrease with increasing PE concentrations. In any 

case, percent rejections of mercury were above 90%. 
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TABLE 4.2 Lead (Single Ion Experiments) 

The data below was obtained from the CA 1000 MWCO 
membrane. PSS was the polyelectrolyte used in obtaining 
this data. 

Ratio of PE/Lead Permeate Cone % Rejection . . 1on 1n ppm 

30.00 0.1 

23.33 0.1 

23.33 0.11 

16.67 0.1 

16.67 0.1 

10.00 0.11 

10.00 0.1 

3.33 2.0 

3.33 1.8 

1.67 3.6 

1.67 9.3 

The data below was obtained from 
membrane. 

45.46 0.1 

45.46 0.13 

32.47 0.14 

32.47 0.1 

19.48 0.12 

19.48 0.1 

6.49 0.17 

6.49 0.14 

3.25 1.7 

3.25 2.0 

1 - Indicates Run # 1 or Trial #1 
2 - Indicates Run # 2 or Trial #2 
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99. 63 1 

99. 67 1 

99.63 2 

99. 67 1 

99. 67 2 

99. 63 1 

99.672 

93.33 1 

94. oo2 

88. 001 

69 •· oo2 

the PS 10,000 MWCO 

99.351 

99.162 

99. 09 1 

99.352 

99. 22 1 

99.352 

98.901 

99.092 

88.961 

87.012 
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Figure 4.1. Single Ion Experiments. 
% Rejection of Lead versus 
PSS/Lead Weight Ratio 
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TABLE 4.3 Cadmium (Single Ion Experiments) 

This data below was obtained from the CA 1000 MWCO 
membrane. PSS was the polyelectrolyte used. 

Ratio of PE/Cadmium Permeate Cone % Rejection . • 1on 1n ppm 

rs-.12 - . 
0.08 

15.12 0.07 

10.80 0.07 

10.80 0.08 

6.48 0.26 
. - -·- 6.48 - 0.32 

2.16 4.15 

2.16 3.45 

1.08 3.65 

1.08 6.95 

This data below was obtained from 
membrane. 

17.86 6.0 

17.86 0.25 

12.76 0.69 

12.76 0.50 

7.65 3.6 

7.65 2.4 

2.55 23.8 

2.55 18.8 

1.28 25.8 

1.28 24.4 
-

1 - Indicates Run #1 or Trial #1 
2 - Indicates Run #1 or Trial #2 
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99. 83 1 

99.852 

99.851 

99.832 

99. 44 1 

99.312 

91.04 1 

92.552 

92 .12 1 

84.992 

the PS 10,000 MWCO 

84. 69 1 

99.362 

98.24 1 

98.722 

90. 82 1 

93.882 

39.291 

52.042 

34. 181 

37.762 

-
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TABLE 4.4 Chromium(!!!) (Single Ion Experiments) 

-

This data below was obtained from the CA 1000 MWCO 
membrane. 

-

PSS was the polyelectrolyte used in obtaining this data. 

Ratio of PE/~r(III) 
ion 

46.67 

46.67 

33.33 

33.33 

7.5 

7.5 

2.5 

2.5 

Permeate Cone 
in ppm 

0.5 

0.6 

0.2 

0.5 

4.3 

1.0 

4.0 

7.8 

% Rejection 

96. o2 

97.52 

90. o1 

so. 52 

This data below was obtained from the CA 10,000 MWCO 
membrane. 

14.23 0.7 98. 581 

14.23 1.2 97.562 

9.21 10.3 81.03 1 

9.21 7.7 85.822 

6.10 . 15.0 69. 511 

6.10 12.0 75.612 

2.03 33.2 32.52 1 

2.03 31.4 36.182 

1.02 35.1 28. 661 

0.92 40.9 24.681 

- Ind1 cates Run # 1 or Tr1al #1 
- Indicates Run # 2 or Trial #2 
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TABLE 4.5 Mercury (Single Ion Experiments) 

- -

This data was obtained from the CA 1000 MWCO membrane. 
PEl was the polyelectrolyte used in obtaining this data. 

Ratio of PE/Mercury Permeate Cone % Rejection . . 1.on 1.n ppm 

10.68 3.2 93.16 

10.32 5.7 91.59 

8.85 5.1 92.48 

- 7.37 - - 4.9 92.77 

··- . .. •· -- ---- 6. 41 .. - -- -- - ·- · - .. 2.9 93.8 

5.90 4.8 92.92 

4.42 4.6 93.22 

2.14 4.4 90.60 

2.14 3.9 91.67 

1.07 1.2 97.44 

1.07 1.0 97.86 

This data below was obtained from the PS 10,000 MWCO 
membrane. 

10.68 4.9 89.53 

10.32 10.9 83.92 

8.85 7.0 89.68 

7.38 3.6 94.69 

6.41 4.4 90.60 

I 5.90 3.1 95.43 

4.43 2.3 96.61 

2.14 2.5 94.66 

2.14 1.7 96.37 

42 



too~================~========~ 

----- RUN 11 (CA) 
90 --+- RUN 12 (CA) 

----- RUN #I 1 (PS) 

so+-~--T-~--~~--r-~~r-~~--~~ 

0 2 4 6 8 10 12 

(PEl/MERCURY) WEIGIIT RATIO 

Figure 4.4. Single Ion Experiments. 
% Rejection of Mercury versus 
PEl/Mercury Weight Ratio 

43 



TABLE 4.6 Arsenic (Single Ion Experiments) 

- - ---· 

r This data was obtained from the CA 1000 MWCO membrane • 
PDADMACl was the polyelectrolyte used. 

Ratio of PE/Arsenic Permeate Cone % Rejection . . 
~on ~n ppm 

11.13 3.0 95.23 1 

11.13 4.02 93.612 

7.95 3.68 94.151 

7.95 3.84 93.902 

4.77 5.54 91.19 1 

4.77 6.1 90.302 

I 1.59 9.84 84.361 

1.59 8.78 86.042 

0.80 12.42 80.251 

0.80 9.32 85.182 

This data below was obtained from the PS 10,000 
membrane. 

9.31 

9.31 

I 6.65 

. ·· - 6.65 

3.99 

3.99 

1.33 

1.33 

0.66 

0.66 

1 indicates run # 1 
2 indicates run # 2 

6.5 91.361 

6.92 90.802 

8.38 88.861 

9.64 87. 182 

12.64 83.19 1 

13.84 81. 602 

38.0 49.4 7 1 

43.1 42.692 

52.3 30.451 

48.4 35.642 
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TABLE 4.7 Chromium(VI) (Single Ion Experiments) 

This was the data obtained from the CA 1000 MWCO 
membrane. 
PDADMACl was the polyelectrolyte. 

Ratio of.PE/Cr(VI) Permeate Cone % Rejection 
1on in ppm 

16.79 2.4 94.25 

14.39 3.1 92.57 

11.99 4.8 88.49 

10.15 6.2 84.26 

7.61 9.6 75.63 

5.08 11.7 70.30 

2.54 12.6 68.02 

2.40 12.6 69.78 

1.27 12.8 67.51 
PEI was the PE used for obtaining this data. 

16.79 7.4 82.25 

14.39 7.4 82.25 

11.99 7.6 81.77 

Data obtained from the PS 10 000 MWCO membrane. 
PDADMACl was the polvelectroivte used. 

16.79 3.0 92.81 

14.39 3.6 91.37 

11.99 5.3 87.29 

10.15 7.7 80.46 

7.61 17.2 56.35 

5.08 21.8 44.67 

2.54 28.2 28.43 

1.27 28.0 28.93 

PEI was the PE used for obtaining this data. 
--

6.91 33.6 18.84 

14.49 34.5 16.67 

12.08 27.7 33.09 
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In Table 4.7, the results from complexing two cationic 

polyelectrolytes with Cr(VI) are presented. It can be seen 

that from the rejections obtained, PDADMACl is a better PE 

1than PEI for Cr(VI) removal. 

The number of charges in solution due to the metal ions 

as well as the PE can be calculated by making use of the fact 

that; One mole of any compound contains Avagadro number of 

molecules (6.024 * 1023 ) in it. Based on this, for any given 

molar concentration of metal ion, the amount of PE needed to 

neutralize that many number of charges has been calculated. 

This is termed as the theoretically calculated ratios at which 

100 % rejection need to be obtained. Table 4.8 shows the 

rejection obtained in the experiments for different membranes 

versus the theoretically calculated ratios at which 100 

percent rejection should be obtained. 

Table 4.8. 

Heavy metal 

ARSENIC 

CHROMIUM(VI) 

CHROMIUM(III) 

MERCURY 

LEAD 

CADMIUM 

Theoretically Predicted Versus Practically 
Achieved Rejections. 

100 percent Percent Percent 
rejection rejection rejection 
should be obtained with obtained 
obtained at a CA 1000 MWCO with a PS 
these membrane at 10,000 MWCO 
PE/metal ion the PE/metal membrane at 
weight ion ratio the PE/metal 
ratios. specified. . 

ratio. J.on 

2.785 85 70 

3.486 68 35 

15.426 90 98 

2.569 92 95 

2.581 90 80 

4.758 97 65 
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The actual versus predicted rejection has a closer 

agreement in the case of cadmium, lead and Cr(III} where an 

anionic PE was used. From the tabulated data, it can also be 

seen that a CA 1000 MWCO membrane exhibhits higher rejections. 

Some of the reasons for this might be: 

(1) The radius of the hydrated metal ions are larger 

than the pore sizes of the membrane (see Table 3.1 

and 3.2). 

(2) The metal ion-polyelectrolyte complex forms a layer 

on the surface of the membrane. This creates a 

charged surface which repels ions of the opposite 

charge. This would be similar to electrode 

polarization. Such behavior is especially true in 

the case of high molecular weight cationic PE's. 

In the case of Cr(III), the complexed salt and PE settle 

on the membrane surface (i.e. , concentration polarization 

occurs} and the flux drops drastically. Thus, higher 

rejections were observed. 

Mercury exists as a cation. If a anionic PE is added, 

rejection of mercury ion should occur. However, this was not 

the case. Instead, when a cationic PE (PEI) was added, high 

rejections were observed for.all concentrations of PE. This 

phenomenon cannot be explained by simple electrostatic 

attraction between the ions and the PE. The rejection of 

mercury ions can perhaps be explained as follows. The 

cationic PE (PEI) is adsorbed on to the membrane surface, 
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exhibiting a charged surface atmosphere. Thus repelling the 

cationic mercury ions when they come close to the membrane. 

This resulted in high rejections of the mercury ions. 

4.5 Results of Phase II 

The data used for the Taguchi analysis has been tabulated 

in Appendix B. The results of the analysis are tabulated in 

Table 4. 9. The results indicate that all three variables 

contribute equally to the performance. In Phase I, it was 

observed that by increasing the PE/Metal ion weight ratio, a 

significant increase in the rejection was observed. Thus, the 

concentration of the PE should contribute more significantly 

than the other variables. The statistical analysis does not 

support this. Thus, the two variables (concentration of the 

metal ion and the PE) were combined together and treated as a 

single variable (ratio of the PE/Metal ion). The Taguchi 

approach was used again and the contributions calculated. The 

results of the analysis are tabulated in Table 4.10. 

Table 4.9. Percentage Contributions of Each Variable. 
Heavy Percentage Percentage Percentage oth 
metal Contribution Contribution Contribution er 

of MWCO of of the Cone of the Cone err 
the membrane of Metal ion of PE or 

Lead 32.66 33.02 32.66 1.7 
Cadm1um 33.16 33.5 33.16 0.2 
Cr(III) 26.3 26.4 45.8 1.5 
Cr(VI) 37.56 40.1 22.1 0.2 
Arsen1c 28.14 35.8 34.68 1.4 
Mercury 19.1 54.8 24.5 1.6 

-
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I 

Table 4.10. Percentage Contributions of MWCO and 
Weight Ratio of PE/Metal Ion. 

Metal Ion PE/Metal MWCO Error 

As 40.46 26.94 32.60 

Hg 17.23 8.195 74.56 

Cr(III) 39.49 22.27 38.24 

Cd 42.47 28.76 28.76 

Pb 38.89 7.35 53.76 

It can be seen from Table 4.10 that the variable weight 

ratio of PE/Metal ion is indeed a key variable which 

contributes twice as much towards rejection of the metal ions, 

than does MWCO. However, the error term is significantly 

larger. The reasons may be as follows: 

( 1) A variable is not included in the experimental 

analysis. 

(2) Other interactions were not included in the 

calculations. 

4.6 Results of Phase III 

In this set of mixed ion experiments, it was expected 

that the phenomenon of selectivity would be observed. 

selectivity is in part based on size of the hydrated ion 

radius and valence of the ion in solution. If the wastewater 

contains three ions with different charges +1, +2 and +3, the 

ionic species having the highest or +3 charge will be 

preferentially bound to the PE. Thus the highest rejection 
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will be observed for the ions carrying the highest charge. 

The next highest rejection will be that of +2 charge and then 

the +1 charge. If two ions of the same valence exist in the 

same solution, then the ion having the smallest hydrated ion 

radius will be preferentially bound to the PE thereby 

exhibiting the highest rejection. The data used for plotting 

these graphs is tabulated in Tables 4.11 and 4.12. These data 

and the accompanying graphs clearly support the suggested 

patterns of selec.tivity and rejection for both CA and PS 

membranes and for both types of feed solutions. 

These data were used in generating the graphs of the 

mixed ion experiments (i.e., Cr(III), lead and cadmium). The 

PE/metal weight ratio was generated from the same data. As 

observed with the single metal ions, by increasing the 

PE/metal ion ratio, higher rejections were obtained for all 

the metal ions. The results follow the rules of selectivity 

as explained in the earlier paragraph. 

4.6.1. Selective Binding of Metal Ions 
over Na•, H+ and Cl-

If Na• counter ions are occupying all the available sites 

along the PE chain, then the metal ions will not be able to 

form complexes and must exist as free ions in solution. The 

hydrated radius of the ions are such that they are small 

enough to pass through the membrane pores. Thus, the high 

rejections observed in this study could not be achieved. 
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Figure 4.7. Mixed Ion Experiments. % Rejection of 
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Electrostatic attraction between the ions and the PE is the 

main explanation that can be used to account for the rejection 

of metal ions in solution. 

It can be·seen from the graphs that high rejections of 

heavy metal ions are possible over a wide range of the ratio's 

of PE/metal ion concentrations. It has been shown in earlier 

studies, that polyions bind the less hydrated and presumably 

smaller counterions. In an earlier study (58], it was shown 

that when using polyvinylsulfonate, the interactions are 

weaker, and generally the larger unhydrated metal ions are 

bound more strongly to one site. The larger ions are also 

more susceptible to binding at multiple sites. It has been 

shown, in our study also, that the polyion(Pss·) selectively 

binds to the ion having a higher valence (Pb2+,cd2+,and crl+over 

Na•)and that it is dependent on size. The hydrated ion radius 

and the covalent radius are tabulated for the various 

counterions in solution (Table 3.2). 

4.6.2. Results of Case I: Cr(III), Cd and Pb 

As explained earlier in Section 4.6, the rules of 

selectivity are observed in this case. Cr(III) which has 3· 

positive charges exhibhits the highest rejections followed by 

that of Pb and Cd. However, the rejection of Pb should be 

greater than that of Cd because of smaller hydrated ion radius 

of Pb. Thus the overall rejection follows the order: 
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Cr(III)>Pb>Cd. In the graphs (Figs 4.9 and 4.10), the same 

order of selectivity is seen with a CA 10,000 MWCO membrane 

and a CA 1000 MWCO membrane. Although the difference is more 

pronounced in the case of Cr(III) over Pb and Cd. 

4.6.3. Results of Case II: Hg, Cr(VI) and As 

The hydrated ion radius of Cr(VI) and As are the same, 

thus the binding of these ions should almost be the same at 

any given ratio of the polymer/metal ion concentration. 

Graphs (Figs 4.7 and 4.8) were plotted and can be seen that 

the binding ratio is almost the same in both the case of CA 

1000 MWCO and PS 10,000 MWCO. 

Mercury was not included in the graphs since the 

rejection of mercury ions cannot be explained by means of 

electrostatic attraction. 

4.7. Results of Phase IV 

The results of this study indicate that pH is an 

important variable affecting rejection of metal ions. The 

Taguchi analysis also indicated that pH was important (Table 

4.13). Fig 4.11 indicates rejections of the metals over a 

range of pH. For Cr(III), lead and cadmium, the percent 

rejection increased with increasing pH. In the case of 

mercury, the rejections were all above 90 percent and were 

slightly higher both in the neutral range and in the alkaline 
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range of pH. For Cr(VI) and As, higher rejections were seen 

in the alkaline range of pH but decreases sharply for the 

acidic range. 

Table 4.13. 

Metal Ion 

Cr(VI) 

As 

Cr(III) 

Cd 

Pb 

Percentage Contributions Including pH as 
a Variable. 

PE/Metal MWCO pH 

13.95 15.31 70.74 

4.98 0.08 94.94 

15.30 38.77 45.9 

0.79 0.002 99.21 

0.17 6.11 93.72 

The results obtained from all the phases are discussed in 

Chapter 4. 
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS 

The conclusions of this research effort are as follows. 

(1) The primary objective of using commercially 

available polyelectrolytes as complexing agents for 

the removal of heavy metal ions from waste water has 

been accomplished. Removal efficiencies above 99 % 

were achieved by this process. 

(2) Primary process variables were shown to be 

(a) pH of the solution, and 

(b) weight ratio of the PE/Metal ion. 

These results were supported by Taguchi analysis of 

the experimental data. 

(3) Traditional methods utilizing lime, coagulation, and 

settling techniques yield high rejections, but the pH 

of the feed water must be regulated over a tight 

range. In our case, wastewater for which the pH was 

above 4, yield high rejection levels. 

(4) In this study, cellulose acetate appeared to be a 

better UF membrane material than polysulfone. This 

was based on the observation that CA was more 

resistant to fouling and could be easily regenerated 

to restore water flux. 

(5) The MWCO of the membrane did not appear to be a 

critical variable atleast over the MWCO 
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investigated. 

ratio, high 

achieved. 

By maintaining a high PE/metal ion 

percent rejections can still be 

For further continuation of this work, the following is 

recommended: 

(1) More of the commercially available PE's need to be 

evaluated. For example, In the case of Cr(VI), PEI 

and PDADMACl were both used. The latter was shown 

to be more effective. Thus, there are possibilities 

that other commercially available PE's, which might 

function better. 

(2) PE's which are more efficient in forming complexes 

over the entire range of pH. 

(3) Testing of the experimental process on a pilot plant 

scale with an industrial process wastewater should 

be attempted. 

(4) Higher MWCO membranes which are porous and offer 

higher recoveries need to be evaluated. Since the 

conversions obtained by the two types of membranes 

were very low. 

(5) Membranes which are more resistant to fouling 

probably need to receive greater consideration in 

industrial applications. 

In summary, the data obtained provide the basis for a 

'feasible process to remove heavy metal ions from wastewater 

solutions. This approach may also be applicable to heavy 
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metal removal from groundwater or non-point source runoffs 

such as those collected in a playa lakes. 
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APPENDIX A 

OVERVIEW OF TAGUCHI ANALYSIS 

A structured approach was necessary in order to 

investigate the various experimental variables involved in the 

removal of heavy metals from water. Some of the important 

variables in this study are concentration of metal ions, 

concentration of PE, pH, and MWCO of the membrane. The 

experimental variables, coupled with an ambiguity of the 

factors have to be considered. 

Several ways of designing the experiments are available. 

A common approach is the full factorial design, which uses all 

possible combinations for a given set of experimental 

variables. To perform a certain experiment in industry or a 

lab results in costs for: manpower, chemicals, analysis and 

so forth. Therefore, it is advantageous to keep the costs low 

by means of reducing the number of experiments. However, one 

must still be able t~ identify the important variables and 

their appropriate level. The levels of the variable are 

identified by high or low concentrations, high or low 

temperatures. There may be any number of levels for a certain 

variable. 

In this research project, the Taguchi design of 

experiments was used. Taguchi methods are relatively simple, 

effective and efficient (59]. The main advantages of the 

technique is that it uses a lesser number of experiments. The 
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analysis tells the user which variables are important, and 

what level will achieve the desired .characteristic (in this 

case it is the highest rejection of a metal ion). Another 

inherent advantages is that this design of a experiment by two 

different researchers will result in similar set of data and 

conclusions. This technique uses a special set of orthogonal 

arrays (OA's). Taguchi has prepared standard arrays that can 

be used for a variety of applications. This can be obtained 

from references [60,61]. On deciding the number of variables 

and the working levels, an appropriate OA can be chosen. The 

array contains several rows and columns. Each row represents 

a certain trial condition with the level of a variable 

indicated by a number. The columns represent the variables 

considered. In this research project, there are 3 variables 

all at 2 working levels. An L4 array was chosen as the 

appropriate array. It is shown in the table below. 

Table A.1 Orthogonal Array L4 

Expt. No. Variable 1 Variable 2 Variable 3 

1 1 1 1 

2 1 2 2 

3 2 1 2 

4 2 2 1 
- ~ 

As explained earlier, four experiments are to be 

performed and for experiment # 1 all the variables in level 1 

are to be used and so on. After the experiments are 
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conducted, the analysis is performed as explained in reference 

[61]. 

Thus it can be seen that the Taguchi approach uses a 

structured approach and requires adequate planning before the 

experiments are to be performed, saving costs. 
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APPENDIX B 

DATA USED FOR CALCULATING PERCENT 

CONTRIBUTIONS IN THE 

TAGUCHI ANALYSIS 

Table B.1 Lead 

Column Repetitions 
Factor 1 Factor 2 Factor 3 

Trial 1 Trial 2 

Expt # Permeate Permeate 
Cone Cone 
(ppm) (ppm) 

1 CA 1000 4.14 ppm 50 ppm 0.10 0.10 

2 CA 1000 30 ppm 700 ppm 0.10 0.11 

3 PS 10000 4.14 ppm 700 ppm 0.10 0.10 

4 PS 10000 15.4 ppm 50 ppm 1.7 2.0 

Table B.2 Cadmium 

Column Repetitions 
Factor 1 Factor 2 Factor 3 

Trial 1 Trial 2 

Expt # Permeate Permeate 
Cone Cone 
(ppm) (ppm) 

1 CA 1000 5 ppm 50 ppm 0.01 0.01 

2 CA 1000 46.3 ppm 700 ppm 0.07 0.08 

3 PS 10000 5 ppm 700 ppm 0.01 0.01 

4 PS 10000 39.2 ppm 50 ppm 24.4 25.8 

74 



Table B.3 Chromium(III) 

- ~ 

Column Repetitions 
Factor 1 Factor 2 Factor 3 

Trial 1 Trial 2 

Expt # Permeate Permeate 
Cone Cone 
(ppm) (ppm) 

1 CA 1000 15 ppm 50 ppm 4.8 6.1 

2 CA 1000 69.4 ppm 500 ppm 0.27 0.35 

3 CA 10000 7.77 ppm 500 ppm 0.16 0.397 

4 CA 10000 54.3 ppm 50 ppm 35.1 40.9 

Table B.4 Chromium(VI) 

-

Column Repetitions 
Factor 1 Factor 2 Factor 3 

I Trial 1 Trial 2 

Expt # Permeate Permeate 
Cone Cone 
(ppm) (ppm) 

1 CA 1000 7.53 ppm 50 ppm 0.72 1.0 

2 CA 1000 41.7 ppm 700 ppm 2.4 2.54 

3 PS 10000 7.53 ppm 700 ppm 2.15 2.39 

4 PS 10000 39.4 ppm 50 ppm 12.8 13.5 
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Table B.S Arsenic 

-

Column Repetitions 
Factor 1 Factor 2 Factor 3 

Trial 1 Trial 2 

Expt # Permeate Permeate 
Cone Cone 
(ppm) (ppm) 

1 CA 1000 6.22 ppm so ppm 0.02 6.22 

2 CA 1000 62.9 ppm 700 ppm 3.0 4.02 

3 PS 10000 6.22 ppm 700 ppm 0.34 1.04 

4 PS 10000 75.2 ppm 50 ppm 48.4 52.3 
-

Table B.6 Mercury 

Column Repetitions 
Factor 1 Factor 2 Factor 3 

Trial 1 Trial 2 

Expt # Permeate Permeate 
Cone Cone 
(ppm) (ppm) 

1 CA 1000 7.33 ppm 50 ppm 0.8 1.0 

2 CA 1000 67.8 ppm 700 ppm 5.7 6.0 

3 PS 10000 7.33 ppm 700 ppm 1.04 1.2 

4 PS 10000 46.8 ppm 100 ppm 1.7 2.5 
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